Zirconolite is recognized as one of the most durable waste matrices for the disposal of high-level radioactive wastes (HLWs). In this study, HfO 2 was employed as the surrogate of tetravalent actinides. Hf-bearing zirconolite-based composite waste forms (CaZr 1-x Hf x Ti 2 O 7 ) were rapidly prepared by combustion synthesis (CS) using CuO as the oxidant, where quick pressing (QP) was introduced to obtain densified samples. Similar as solid state reaction process, the Zr site of zirconolite can be totally occupied by Hf (x = 1.0) under the CS reaction. The original 2M zirconolite structure was maintained and a small amount of perovskite impurity phase was generated in the final products. The aqueous durability of representative sample (Cu-Hf-0.6) was tested, where the 42-day normalized leaching rates (LR i ) of Ca, Cu, and Hf are 0.25, 3.10×10 -2 , and 1.11×10 -8 g·m -2 ·d -1 .
Introduction
The disposal of high-level radioactive wastes (HLWs) has long been a great and urgent challenge for the nuclear industry [1, 2] . Due to the long term radiotoxicity of minor actinides (MA, such as Np, Am, Cm, etc.) recovered from spent fuel reprocessing, the separation of these actinides and their final disposal in durable matrices are of prime importance. Advanced materials can enable enhanced performances of nuclear waste forms with promoted safety margins and chemical flexibility [3] . Vitrification using borosilicate or phosphate structure can sustain a wide range of stoichiometry as CaZr x Ti 3-x O 7 with x = 0.80-1.37 [15] . In addition, zirconolite can transform to different polytypes with close structure arrangements, such as 3T (trigonal), 3O (orthorhombic), 2M, and 4M (monoclinic) [16] . The differently coordinated polyhedra enable zirconolite to accommodate large cations into its crystal structure as solid solutions. Naturally existed zirconolite demostrates many different combinations of element substitutions, excellent chemical flexibility, as well as excellent resistance to radiation damage and aqueous dissolution [17] . And zirconolite-based ceramic material has been recognized as one of the most promising matrice phase for nuclear waste disposal [18, 19] .
In the past, zirconolite-based waste forms were mainly synthesized using traditional methods, such as liquid phase synthesis (hydroxide and sol-gel methods) and solid state reaction sintering [20] [21] [22] . These approaches are usually time consuming and costly. High temperature (1400 ℃ or higher) sintering is an indispensable procedure to obtain crystal lattice disposal of actinide-bearing wastes, which inevitably induce the evaporation of volatile nuclides (such as highly radioactive U, Tc, Sr, and Cs elements). Meanwhile, compulsive densification process (such as hot pressing or hot-isostatic pressing) should be conducted to get highly compact samples, which cause the synthesis process more complicated [22] . Recently, reactive spark plasma sintering has been conducted to rapidly synthesize single-phase zirconolite under low temperature (1200 ℃) [23] . Besides that, Muthuraman and his coworkers [24] have proposed combustion synthesis (CS, similar as self-propagating high temperature synthesis, SHS) route for the management of nuclear wastes. Because of the special advantages of high speed, low energy consumption, and simple equipment, the CS technique has been considered as a candidate method for environment protection, such as stabilization of radioactive and toxic wastes [25] [26] [27] . It is worth pointing out that the reaction speed and generated temperature of CS can be tailored by adjusting the ingredients of raw reactants. For nuclear waste immobilization, CS route is advantageous for some special applications when the implement environment is confined. Thus, it is valuable to explore the feasibility of zirconolite-based waste forms using the CS process.
In our previous studies, we have investigated the CS preparation of Ce and Nd doped zirconolite-rich waste forms using Ca(NO 3 ) 2 , CuO, MoO 3 as the oxidants and Ti as the reductant [27] [28] [29] [30] Table 1 , where the yields of Hf-zirconolite are also included. About 20 g raw materials were weighed and sufficiently mixed using agate mortar. The homogenized raw powders were pressed into cylindrical pellets with diameter of 25 mm and height of about 12 mm. The preformed samples were subsequently subjected to CS/QP preparation as illustrated in Fig. 1 . The combustion reaction was triggered by a heated tungsten wire, which was motivated by a direct voltage of 30 V and current of 50 A. Silica sand was filled into the stainless steel mould as heat insulator and pressure transmission medium. Before pressure exertion, the combustion temperatures of the samples' center part were measured by a W/Re 5/26 thermocouple, which was connected with an XME2002/U paperless recorder to directly monitor the temperature curve.
The as-synthesized specimens were pulverized into fine powders, which were characterized by X-ray diffractometer (XRD; Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation to obtain the phase compositions. The XRD result of typical Cu-Hf-0.6 sample was subjected to Rietveld refinement using Fullprof-2k software package. After the combustion was finished for 20-30 s, the red-hot samples were pressed by a hydraulic pressure of 45 MPa with 60 s holding time. The finally obtained products with high relative density were sliced and polished on abrasive finishing machine using 0.5 μm diamond pastes. After cleaning and drying, the samples were observed using field-emission scanning electron microscope (FESEM; Zeiss Ultra-55, Oberkochen, Germany). The phase composition and elemental distribution of solidified Cu-Hf-0.6 sample were analyzed from the results of energy-dispersive X-ray spectrometer (EDX) attached with the FESEM equipment. The chemical durability was evaluated according to the standard MCC-1 leaching test, where the Cu-Hf-0.6 sample was immersed in 90 ℃ deionized water for 1, 3, 7, 14, 21, 28, 35, 42 days, and the leachates were retrieved after each interval. The selected Cu-Hf-0.6 sample was cut and grinded to external dimension of 8.50 mm × 4.78 mm × 4.84 mm. Thus, the specimen surface area to leachate volume ratio (S A /V value) is 2.62 m ). Fresh deionized water (80 mL every time) was added to replace the leachate after each interval. The concentrations of Ca and Cu in the leachates were obtained by inductively coupled plasma (ICP) analysis using an iCPA 6500 spectrometer, while Hf was tested by inductively coupled plasma-mass spectrometry (ICP-MS) analysis using an Agilent 7700× spectrometer.
Results and discussion

1 Combustion temperature and XRD analysis of Hf-doped samples
The combustion experiments of the above-mentioned Hf-doped samples were successfully conducted. The results demonstrate that all the designed green bodies could be ignited by tungsten wire with self-propagation reaction. The combustion reaction lasted for about 10 s after ignition, which means the reaction speed is about 2-3 mm/s. The center temperatures of all these reactions were collected by thermocouple as depicted in Fig. 2 . The peak temperatures of these five samples (Cu-Hf-0.2 to Cu-Hf-1.0) are measured to be 1481, 1431, 1488, 1206, and 1177 ℃. Compared with the original Zr-zirconolite (1424 ℃) [30] , the temperatures of Cu-Hf-0.2, Cu-Hf-0.4, and Cu-Hf-0.6 are slightly higher, while those of Cu-Hf-0.8 and Cu-Hf-1.0 are much lower. Obviously, the decline of peak temperature is attributed to the elevated HfO 2 content. This result reveals that the reactivity of HfO 2 is lower than ZrO 2 .
As there is heat dissipation during the combustion reaction and subsequent measurement, the real temperatures should be much higher than the measured ones. Anyhow, these temperatures are adequate for subsequent pressing as they are higher than the melting point of resultant Cu (1083 ℃ ). Because of the existence of liquid Cu, the as-synthesized samples can be readily densified under optimal time delay of combustion.
The phase compositions of Hf-doped samples were characterized with the XRD patterns illustrated in No. 22-0153) is detected as the minor phase, which is also discovered in our previous study [30] . As an important constituent phase of Synroc C, the minor perovskite phase is a valuable supplement of zirconolite for nuclear waste immobilization [22] . The trace of HfO 2 is not detected even in the Cu-Hf-1.0 sample, which indicates HfO 2 has been successfully incorporated into the lattice crystal of ceramic phases as solid solution. The Zr-zirconolite transforms to Hf-zirconolite when the x value is elevated to 1.0. According to the previous study [39] , the Zr site of zirconolite could be totally occupied by Hf under solid state reaction route. This result of HfO 2 incorporation is also achieved for the CS process with loading capacity as high as 34.12 wt%. Figure 4 exhibits the refined XRD pattern of Cu-Hf-0.6 sample. This result further testifies the phase composition as Hf-bearing zirconolite, perovskite, and Cu are identified as the constituent phases. 
2 SEM-EDX analysis of the Hf-bearing samples
The phase composition and microstructure of Hf-doped samples (x = 0.2-1.0) were further characterized by the SEM and EDX analysis. Typical back-scattered electron (BSE) images of all the Hf-doped ceramics are shown in Fig. 5 . Few micropores can be observed in the surface images, which indicate all the Hf-doped samples were well densified. Meanwhile, three different phases with distinct contrast discrepancies can be detected in the polish surfaces. The metallic Cu always demonstrates circular particle morphology with different size, which is separated from the main ceramic phase with clear grain boundary as shown in Figs. 5(a)-5(e) . Besides Cu, the coexistence of two phases can be observed, which are reflected as "Z" and "P" for zirconolite and perovskite phases respectively. The Hf-zirconolite phase is observed with lighter contrast while the pervoskite phase in darker contrast. It is distinctly demonstrated that zirconolite is the matrix phase while perovskite is the dispersion phase. Figure 5 (f) is the fracture surface of Cu-Hf-0.6 sample, which exhibits a dense microstructure with tightly contacted submicron sized grains. The growth step can also be observed from the grains, which reveals the feature of combustion synthesis as the reaction speed is high and soaking time is short.
EDX mapping and spotting analysis were conducted to further analyze the phase composition, elemental distribution, and Hf occupation of the Cu-Hf-0.6 sample. The elemental mapping images are presented in Fig. 6 . The representative BSE image of Fig. 6(a) supports the coexistence of "A" and "B" phases. Obviously, the "B" area must be Cu phase, which is testified by the EDX mapping image of Fig. 6(e) . The "A" phase should be Hf-bearing zirconolite, which demonstrates as the ceramic matrix. It is worth noting that the enrichment of Cu and Hf elements is slightly overlapped in the same area. Hf not only appears in the matrix A area, but also exists in the Cu phase. This phenomenon is strange as there is no peak corresponding to Hf or HfO 2 in the XRD pattern. The subsequent EDX spotting analysis demonstrates that Hf has not been detected in the Cu phase. This phenomenon of Hf in Cu phase is related with the adjacent energy characteristic peaks of Cu and Hf in the EDX analysis (Hf: Kα = 8.040, Kβ = 8.903, Cu: Kα = 7.898, Kβ = 9.021).
EDX spotting analysis was conducted to further determine the chemical formulations of constituent phases. The EDX spotting image of "A" phase in Fig.  6(a) is presented in Figs. 7(a) and 7(b) . Similar as the EDX mapping results, the existence of Ca, Ti, Zr, Hf, and O in the EDX spotting spectra indicates that the "A" phase is Hf-bearing zirconolite phase. At least five points of "A" area were calculated to obtain the average elemental quantities as listed in Fig. 7 This result is reasonable as perovskite is formed as the minor phase. The perovskite phase consumes Ca and Ti elements, which leads to the main zirconolite phase deficient in Ca and rich in Zr. However, the elemental composition is close to the original design and the promising chemical flexibility of zirconolite is verified with the maintaining of 2M zirconolite structure. The Cu-Hf-0.6 sample was selected for the standard MCC-1 leaching test. The 1-42-day normalized leaching rates of Ca, Cu, and Hf are measured and illustrated in Fig. 8 . With the increase of soaking This value is almost the detection limit of ICP-MS. As there is metallic Cu remained in this waste form, the aqueous durability will be affected by this foreign phase. As the existence of Cu has not been considered in the S A calculation, the leaching surface area of Hf-bearing zirconolite phase should be lower than the computed value. On other words, the actual LR Ca and LR Hf should be slightly higher than the calculated values in Fig. 8 , while the LR Cu value should be much lower. Anyhow, the leaching rates of Ca, Cu, and Hf are lower than or comparable to borosilicate glass (about 10 -2 g·m -2 ·d -1 , 90 ℃) [40, 41] . Compared with zirconolite and pyrochlore based waste forms prepared by CS, hot pressing (HP), and hot isostatic pressing (HIP) [22, [42] [43] [44] [45] , the leaching rates of Ca and Cu in this research are much higher. Nevertheless, the Hf-bearing zirconolite-rich composite waste form is a durable waste form and the combustion synthesis is a rapid route for nuclear waste disposal.
Conclusions
In this study, Hf was employed as the surrogate of tetravalent actinide nuclides. Hf-doped zirconolite-rich composite waste forms were rapidly prepared using CS/QP process. The generated temperature of CS is higher than the melting point of Cu, which leads to liquid phase sintering to obtain highly densified specimen. The Zr site can be totally occupied by Hf (x = 1.0) and the 2M zirconolite structure can be maintained. A small amount of perovskite impurity phase is detected in the final products. The aqueous durability of selected sample (Cu-Hf-0. 
